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The recognition of helix-distorting deoxyribonucleic 
acid (DNA) lesions by the global genome nucleo- 
tide excision repair subpathway is performed by 
the XPC-RAD23-CEN2 complex. Although it has been 
established that Rad23 homologs are essential to protect 
XPC from proteasomal degradation, it is unclear whether 
RAD23 proteins have a direct role in the recognition of 



DNA damage. In this paper, we show that the association 
of XPC with ultraviolet-induced lesions was impaired in 
the absence of RAD23 proteins. Furthermore, we show 
that RAD23 proteins rapidly dissociated from XPC upon 
binding to damaged DNA. Our data suggest that RAD23 
proteins facilitate lesion recognition by XPC but do not 
participate in the downstream DNA repair process. 



Introduction 

Nucleotide excision repair (NER) is a versatile DNA repair 
mechanism that repairs a variety of helix-disturbing lesions 
including those induced by the UV component of sunlight 
(Hoeijmakers, 2001). Two NER subpathways exist that dif- 
fer in their mechanism of lesion recognition. Stalling of 
RNA polymerase II at lesions in transcribed regions initiates 
transcription-coupled NER (Fousteri et al., 2006). The Xeroderma 
Pigmentosum protein C (XPC) complex binds to lesions lo- 
cated anywhere in the genome and initiates global genome 
NER (GG-NER). After lesion recognition, the two subpath- 
ways funnel into a common mechanism that involves DNA 
unwinding, coordinated excision of a 25-30-nucleotide region 
containing the lesion (Staresincic et al., 2009), single-strand 
gap filling by the replication enzymes (Ogi et al., 2010; Over- 
meer et al., 2010), and finally sealing of the nick by a ligase 
(Moser et al., 2007). 
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Damage recognition is a crucial NER-initiating step and 
likely rate-determining parameter (Luijsterburg et al., 2010). 
Lesion discrimination in mammalian GG-NER is achieved 
by an intricate mechanism involving the UV-damaged DNA 
binding (DDB) and XPC complexes (Sugasawa et al., 2009). 
Xeroderma pigmentosum patients that carry mutations in the 
XPC gene are highly susceptible to develop tumors on sunlight- 
exposed areas of the skin (Cleaver, 2005), a feature reca- 
pitulated in Xpc knockout mice (Cheo et al., 1997; Sands 
et al., 1995). XPC purified from HeLa cell extracts was found 
to copurify with RAD23B and to a lesser extent with RAD23A 
(Masutani et al., 1994), which are two mammalian paralogs of 
the yeast Rad23 NER protein. As a third binding partner, the 
CEN2 protein has been identified (Araki et al., 2001; Nishi 
et al., 2005). The interaction between RAD23 and XPC is evo- 
lutionarily conserved, as this interaction was also observed in 
yeast, arguing for an important role in driving NER (Guzder 
et al., 1998). Yeast rad23 mutants as well as mouse embry- 
onic fibroblasts (MEFs) deficient in both Rad23a and Rad23b 
are hypersensitive to UV light (Ng et al., 2003; Watkins and 
Smerdon, 1985), a finding that could be recapitulated in human 
knockdown cells (Renaud et al., 2011). However, cells lack- 
ing RAD23A or RAD23B (single knockouts) do not display 
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Figure 1 . RAD23A and RAD23B immobilize XPC on DNA damage in living cells. (A and B) FRAP analysis of XPC-GFP in the absence and presence of UV 
damage. The relative fluorescence recovery (l/lo) immediately after bleaching is plotted against the time (seconds). (A) In the absence of DNA damage, 
no apparent difference in the mobility rate of XPC-GFP could be detected when expressed in either WT, Xpc knockout, or Rad23a/b DKO cells. (B) After 
UV treatment, part of the XPC-GFP is immobilized (incomplete fluorescence recovery) when expressed in WT cells or in Xpc~^~ MEFs. However, when 
expressed in DKO cells, no immobilization upon UV treatment was observed. Mobilities were measured between 30 and 60 min after UV-C (16 J/m 2 ) treat- 
ment. (C) Immunofluorescence analysis of XPC (green channel) at local UV-induced DNA-damaged areas, identified by antibodies that recognize the main 
UV photoproduct CPD (red channel) in different genetic backgrounds. Nuclei are counterstained by DAPI (blue channel), and the bottom right panel is a 
merge of all three channels. Cells were fixed 45 min after local UV-C irradiation, (left) Endogenous XPC accumulates at local damaged sites, as is indicated 
by the presence of the CPDs (red) in WT cells, (right) In Rad23a/b DKO cells, no XPC is found at the local UV damage. Note that the image settings are 
changed (increased background) to compensate for reduced XPC levels in DKO cells. 



increased UV sensitivity, suggesting that they have redundant 
functions in NER (Ng et al., 2003). 

It has been shown that loss of RAD23 function in both 
yeast (Lommel et al., 2002) and mammalian cells (Ng et al., 2003) 
leads to severely reduced steady-state levels of Rad4/XPC. 
Thus, it was suggested that the major function of the RAD23 
proteins is to stabilize XPC by protecting it from degradation. 
However, the affinity of purified XPC for damaged DNA sig- 
nificantly increases in a cell-free assay after adding purified 
RAD23B or RAD23A (Sugasawa et al., 1996). Moreover, over- 
expression of Rad4 in yeast only partly suppresses the UV 
sensitivity of rad23 mutant cells (Xie et al., 2004), suggesting 
additional roles for the RAD23 proteins in NER besides stabi- 
lizing XPC. Despite insight into the structural requirements for 
XPC to bind to damaged DNA (Min and Pavletich, 2007), the 
molecular mechanisms underlying RAD23-dependent regula- 
tion of DNA damage recognition by XPC are currently poorly 
understood. Here, we demonstrate that the mammalian RAD23 
proteins play a direct role in damage recognition by enhancing 
the binding of XPC to DNA damage in living cells in addition to 
stabilizing XPC. Remarkably, however, RAD23B quickly disso- 
ciates from XPC after binding to damage, suggesting that it does 
not participate in the downstream NER complex assembly. 



Results and discussion 

RADS3A and RAD23B immobilize XPC on 
CNA damage in living cells 

The finding that purified XPC has a lower affinity for damaged 
DNA in the absence of RAD23 A or RAD23B in vitro (Sugasawa 
et al., 1996) prompted us to assess the impact of RAD23A and 
RAD23B on the binding of XPC to damaged DNA in living 
cells. Toward that aim, GFP-tagged XPC (XPC-GFP; Hoogstraten 
et al., 2008) was transiently expressed in either Rad23a/b double 
knockout (DKO) cells, Xpc"'" MEFs, or wild-type (WT) MEFs, 
and the mobility of XPC-GFP was assessed by FRAP analysis 
(Houtsmuller and Vermeulen, 2001). For the FRAP analysis, 
cells were selected that express XPC-GFP at similar amounts as 
within a previously described human XPC cell line (Hoogstraten 
et al., 2008) that stably expresses XPC-GFP at near physiologi- 
cal levels, comparable with endogenous XPC in WT cells. 
The mobility of XPC-GFP (Fig. 1 A) in the absence of DNA 
damage was similar in all three different MEF cells lines (WT, 
Xpc"'", and DKO) and was identical to the mobility of XPC- 
GFP expressed in human XPC cells (Hoogstraten et al., 2008). 
We previously observed that the relatively slow mobility of 
XPC-GFP is a result of the continuous nonspecific association 



BBS JCB • VOLUME 1 96 • NUMBER B • 2D1 2 



with and dissociation from chromosomal DNA (Hoogstraten 
et al., 2008). Thus, our mobility measurements show that non- 
specific binding of XPC to DNA is not affected by the absence 
of RAD23 proteins. After UV irradiation (16 J/m 2 ), resulting 
in a relatively high concentration of DNA lesions in the ge- 
nome, the mobility of XPC-GFP was significantly reduced 
in both Xpc" /_ and WT cells (Fig. 1 B). This UV-induced 
decrease in XPC-GFP mobility was also observed for other 
NER proteins and was thought to be a result of the transient 
incorporation of repair proteins into chromatin-associated re- 
pair complexes (Vermeulen, 2011). Strikingly, however, we 
did not detect any changes in the mobility of XPC-GFP after 
UV irradiation in Rad23a/b DKO cells (Fig. 1 B), suggesting 
that the RAD23 proteins are essential for the binding of XPC 
to UV-induced DNA damage in living cells. The reduced 
ability of XPC-GFP to bind to damaged DNA was confirmed 
in situ by immunostaining of XPC on local UV-irradiated areas 
(Fig. 1 C; Mone et al., 2001). In WT cells, a clear colocalization 
of endogenous XPC with UV-induced DNA lesions detected by 
an anti-cyclobutane pyrimidine dimers (CPDs) antibody was 
observed, whereas XPC failed to accumulate at DNA lesions 
in DKO cells. 

Our data indicate that the Rad23 homologs are not only 
critical for XPC stabilization but are also essential for the effi- 
cient binding of XPC to DNA lesions in living cells, as we show 
that the UV-induced immobilization of XPC is impaired in the 
absence of the RAD23 proteins even when XPC is expressed at 
levels comparable with those in WT cells. Importantly, loss of 
RAD23 proteins did not affect the nonspecific association to 
and dissociation from nondamaged chromosomal DNA of XPC 
in living cells (Hoogstraten et al., 2008). As XPC still binds to 
nondamaged DNA in the absence of RAD23 proteins both 
in vitro and in living cells (relative slow mobility as determined by 
FRAP), we propose that RAD23A and RAD23B assist in the 
formation of a stable anchorage of XPC during the early steps 
of NER. 

RAD23A and RADS3B do not accumulate 
at local DNA damage 

To measure the dynamic interaction of RAD23B with the NER 
machinery, we tagged mouse RAD23B (mRAD23B) at its 
C terminus with the YFP and a FLAG tag (RAD23B-YFP-FLAG). 
The fusion protein was stably expressed in the Rad23a/b DKO 
MEFs. Clones were selected by virtue of their ability to rescue the 
UV-sensitive phenotype of the Rad23a/b DKO cells (Fig. SI A). 
Both endogenous mRAD23B and the mRAD23B-YFP-FLAG 
were homogeneously expressed in the cytoplasm and the 
nucleus, with less abundant amounts in nucleoli (Fig. 2, A 
and B). Immunofluorescence analysis showed that mRAD23B- 
YFP also restored the reduced endogenous mXPC levels to WT 
amounts (Fig. SI B). Both the increase in mXPC levels as well 
as the rescue of the UV hypersensitivity upon expression in 
DKO cells indicate that the mRAD23B - YFP-FLAG protein is 
fully functional in GG-NER. 30 min after local UV irradiation 
of mHR23B-YFP cells, a clear accumulation of endogenous 
mXPC at damaged sites was observed, again showing the func- 
tionality of the RAD23B-YFP fusion protein. Despite the proven 
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Figure 2. RAD23A and RAD23B do not accumulate/immobilize at DNA 
damage and are not immobilized upon UV treatment. (A and B) Analysis of 
RAD23B-YFP and RAD23B at local damaged DNA spots. Cells were fixed 
between 30 and 60 min after local UV irradiation. (A) RAD23B-YFP (identi- 
fied by the YFP fluorescence) does not accumulate at local damaged sites, 
whereas its complex partner XPC (identified by XPC antibodies) does. The 
nuclei are counterstained with DAPI (blue). (B) Comparative immunofluor- 
escence on a mixture of WT and DKO MEFs, recognized by bead-labeled 
cells with small and large beads, respectively (DAPI-derived fluorescence 
mixed with transmitting light; left). Endogenous RAD23B (identified by 
RAD23B antibodies) fails to accumulate at local DNA damage (see 
arrows), as is indicated by the accumulation of the TFIIH subunit p62 
(ap62). The specificity of the RAD23B antibody is illustrated by the vir- 
tual absence of staining in the DKO cells (small beads; left), whereas a 
clear signal is visible in WT cells (large beads; left). (C) FRAP analysis 
of RAD23B-YFP before and after UV-induced DNA damage. RAD23B-YFP 
does not immobilize after UV treatment. Mobilities were measured between 
30 and 60 min after UV-C (16 J/m 2 ) treatment. 



functionality, no accumulation of mRAD23B-YFP-FLAG could 
be detected at sites of local UV irradiation (Fig. 2 A). In line 
with these findings, none of the antibodies against endogenous 
mRAD23B revealed accumulation at locally damaged areas in 
which endogenous XPC clearly accumulated (Fig. 2 B and not 
depicted). Likewise, transiently expressed mRAD23A-GFP 2 - 
MYC also failed to accumulate at local UV damage in DKO 
cells (unpublished data). We subsequently applied FRAP after 
UV irradiation on cells expressing mRAD23B-YFP-FLAG In 
contrast to all other NER factors tested thus far (Vermeulen, 
2011), no immobilization of mRAD23B-YFP-FLAG could be 
detected upon UV exposure (Fig. 2 C). 

The absence of UV-induced immobilization is in line with 
the lack of RAD23B accumulation at sites of local DNA dam- 
age. To verify these results in another cell type, we tagged 
the last exon of the mouse Rad23b gene with YFP-FLAG in a 
bacterial artificial chromosome (BAC) harboring the genomic 
mouse Rad23b locus, which was subsequently integrated in the 
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Figure 3. The XPC-RAD23B complex dissociates upon UV-induced DNA damage. (A) Subcellular fractionation of human U2-OS with and without UV (60 
min after 20 J/ m 2 ) treatment. The same volume was loaded on a gradient gel for each fraction. After Western blotting, membranes were stained with the 
indicated antibodies. (B) Immunoblot analysis for both XPC and RAD23B proteins of anti-FLAG-immunoprecipitated complexes from RAD23B-YFP-FLAG- 
expressing ES cells before and 60 min after UV-C (16 J/m 2 ) treatment. Immunoprecipitated proteins were eluted with free FLAG peptide, and different 
fractions were collected, boiled, and separated on a gel. Upon elution with (free) Flag peptide, a lower amount of XPC coeluted when cells were treated 
with UV-C than from untreated cells. (C) Upon overexpression of XPC-Cherry (red channel), RAD23B-YFP does visibly accumulate at local damage (green 
channel), inflicted with a UV-C laser. Pictures of representative cells before (top row) and 60 s after (bottom row) UV-C are shown. Arrows indicate the spot 
of the local UV-C laser-induced DNA damage. (D) Relative accumulation of XPC-mCherry and RAD23B-YFP on local damage. Arbitrary fluorescence inten- 
sity units are plotted against the time (in seconds) after local damage infliction. (E) iFRAP, in which total fluorescence in the nuclei (except the fluorescence 
present at the local UV damage) is bleached and the subsequent loss in fluorescence of RAD23B-mCherry and XPC-GFP is monitored, which is a measure 
of the dissociation rate of these proteins from the local damage. RAD23B exhibits a quicker dissociation as compared with XPC, suggesting that RAD23B 
dissociates from XPC after binding of the complex to lesions, n = 1 0 cells. Error bars represent SEM. 



genome of a WT mouse embryonic stem (ES) cell line. The ex- 
pression level of tagged RAD23B is similar to endogenous 
RAD23B (Fig. SI C). In this mouse ES cell line, genomically 
tagged RAD23B-YFP-FLAG also failed to accumulate at sites 
of local damage (unpublished data), confirming the data ob- 
tained in MEFs. 

The XPC-RAD23B complex dissociates 
after binding to UV-induced DNA damage 

The previous data indicate that although RAD23 is required 
to efficiently load XPC onto damaged DNA, the protein itself 
does not stably bind damaged sites, which is in contrast to its 
complex partner XPC. This prompted us to test whether the 
XPC-RAD23B complex might be disrupted upon lesion bind- 
ing of XPC. To this end, we used a biochemical fractionation 
approach and compared the complex composition isolated from 
irradiated and nonirradiated human U2-OS cells. The used 
fractionation protocol separates cells into a cytoplasmic, mem- 
brane, nuclear-soluble, chromatin, cytoskeletal, and matrix 
fraction. The latter fraction contains DNA-bound proteins that 
are resistant to micrococcal nuclease digestion and is devoid of 
membrane-bound proteins as a result of a separate membrane 
fractionation step. After fractionation of nonirradiated cells, 
we detected XPC in the nuclear-soluble fraction, the chromatin 
fraction (only detectable when equal protein concentrations are 
loaded), and the matrix fraction (Fig. 3 A and not depicted). As 
expected, we detected an increase of XPC in the DNA-bound 
fraction after UV exposure (Fig. 3 A). The presence of XPC 
in the matrix fraction before UV exposure is most likely caused 
by the presence of spontaneous/endogenous DNA damage. 



In contrast, RAD23B resides in all fractions except the matrix 
fraction (the presence in the chromatin and cytoskeletal fractions 
is only evident when equal protein concentrations are loaded; 
unpublished data), and UV irradiation did not appreciably 
affect the distribution in the different fractions. Importantly, 
very recently, a similar behavior of Rad23B and XPC during 
cellular fractionation was reported (Fei et al., 2011), underscoring 
our findings. Given that the matrix contains the damaged DNA- 
bound XPC pool, which is roughly half of the total amount of 
XPC molecules at a given time, we conclude that lesion-bound 
XPC is not, or at undetectable levels, in complex with RAD23B 
in vivo. We subsequently immunoprecipitated XPC from the 
nuclear, chromatin, and cytoskeletal fractions and probed for the 
presence of RAD23B. Considerably less RAD23B was coim- 
munoprecipitated with XPC after UV irradiation in the soluble 
nuclear fraction compared with nonirradiated cells (Fig. S2 A). 
To corroborate these findings, we incubated whole-cell extracts 
of mRAD23B-YFP-FLAG-expressing mES cells (described 
in Fig. SI C), either mock or UV-C treated, with anti-FLAG 
antibody-coupled beads followed by elution with FLAG pep- 
tide. Equal amounts of RAD23B eluates were loaded, and blots 
were probed with anti-XPC antibodies. In agreement with our 
fractionation approach, a clear reduction in the stoichiometry of 
the XPC-RAD23B complex after UV treatment was apparent 
(Figs. 3 B and S2 [B and C]), showing that the XPC-RAD23 
complex is disrupted upon UV irradiation. 

This finding is rather unexpected, as previous studies indi- 
cated that the XPC-RAD23B complex is very stable and even 
resistant to high-salt conditions (Masutani et al., 1994). Moreover, 
within a recently solved structure of Rad4, the yeast ortholog of 
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XPC, bound to nonpairing single-strand DNA opposite a CPD 
lesion, contained the Rad23 protein (Min and Pavletich, 2007). 
In this structure, it seems that the interaction between Rad4 and 
Rad23 might be maintained when Rad4 is bound to single- 
strand DNA. In addition, our current data indicate that RAD23B 
is required for efficient XPC binding to lesions (Fig. 1), sug- 
gesting that complex formation between these proteins is neces- 
sary during the early steps of NER. One way to explain this 
apparent discrepancy is that the intact XPC-RAD23B complex 
binds to lesions, and, soon after binding, RAD23B dissociates 
from the lesion-bound XPC. In this scenario, the intact XPC- 
RAD23 complex associates with DNA lesions, but the rapid 
dissociation and short chromatin dwell time of RAD23 make it 
difficult to detect RAD23 accumulation at lesions in FRAP and 
local damage experiments (Fig. 2). To test whether RAD23B-YFP 
can indeed be retained at damaged DNA, we overexpressed 
mCherry-tagged XPC at very high levels in the Rad23a/b DKO 
cells stably expressing RAD23B-YFP to shift the equilibrium 
between free RAD23B-YFP and RAD23B-YFP in complex 
with XPC. Only under these conditions were we indeed able to 
visualize RAD23B-YFP at damaged DNA induced by UV-C 
laser microirradiation (Fig. 3 C; Dinant et al., 2007). 

Importantly, the relative amount of RAD23B-YFP that ac- 
cumulated at damaged sites was significantly less than the amount 
of XPC that accumulated at the same damaged sites (Fig. 3 D), 
which indicates that unequal amounts of both proteins are re- 
tained at sites of DNA damage. To directly measure the disso- 
ciation rates of XPC and RAD23B from sites of DNA damage, 
we performed inverse FRAP (iFRAP; Dundr and Misteli, 2003) 
now using XPC-GFP and RAD23B-mCherry. In brief, we 
bleached both fluorescent tags at full laser power by scanning a 
selected region of interest comprising the entire nucleus except 
the locally damaged area for 4 s. Subsequently, we took images 
with time intervals of 15 s and measured the loss of fluorescence 
of both tagged proteins in the local damage, which reflects their 
dissociation rates. The observed dissociation rate of RAD23B- 
mCherry from damaged sites was significantly faster than the 
dissociation rate of XPC-GFP (Fig. 3 E), strongly indicating that 
after damage detection, RAD23B dissociates from the damage 
complex much earlier than XPC. As a control, to exclude pos- 
sible artifacts as a result of different photophysical behavior of 
the fluorescent tags, we used the same protocol to measure the 
dissociation rates of mCherry-DDB 1 and YFP-DDB2 (two sub- 
units of an accessory GG-NER-initiating complex; Moser et al., 
2005) that were simultaneously expressed in human fibroblasts 
(Fig. S2, D and E; Alekseev et al., 2008). As expected and 
unlike XPC and RAD23B, we found that the dissociation rates 
of DDB1 and DDB2 from damaged DNA were identical, sug- 
gesting that these proteins associate with and dissociate from 
DNA lesions as a complex, whereas the XPC-RAD23B com- 
plex is disrupted once XPC binds to damaged DNA. 

The DNA-binding domain of XPC is localized between 
amino acid 607 and 742. Interestingly, the RAD23A- or RAD23B- 
binding region is between amino acid 496 and 734 (Uchida et al., 
2002) and thus partially overlaps with the DNA-binding 
area. Therefore, it is tempting to speculate that the dissocia- 
tion of RAD23B upon UV irradiation is necessary to make the 



DNA-binding domain of XPC (more) accessible. Recently, a 
study revealed that binding of XPC to a DNA lesion requires 
a two-stage discrimination mechanism, which initially involves 
a transient scanning mode followed by the more stable binding 
of XPC to initiate repair (Camenisch et al., 2009). As RAD23B 
is essential for retaining XPC at damaged DNA (the second 
stage) and seems to have no function in the initial scanning 
stage (Fig. 1), we suggest that RAD23B dissociates after having 
performed its function in recognition, now allowing the forma- 
tion of a second, more stable damage-bound XPC complex. 

RADS3B dissociation from chromatin- 
tethered XPC is triggered by UV-C 

To gain more insight in the damage-induced dissociation of 
XPC and RAD23B, we used an in vivo targeting system for 
tethering proteins to chromatin (Soutoglou and Misteli, 2008). 
To visualize and target XPC, we generated an XPC-mCherry- 
LacR fusion protein, which was efficiently retained at an inte- 
grated 256x LacO array in NIH2/4 mouse cells (Soutoglou et al., 
2007). Upon tethering of XPC-LacR to chromatin, clear accu- 
mulation of RAD23B-YFP could be detected, indicating that a 
complex between chromatin-bound XPC and RAD23B can be 
formed. UV-C irradiation (25 I/m 2 ) triggered a marked reduc- 
tion (50%) in the mean RAD23B-YFP intensity at the array 
upon XPC tethering compared with mock-treated control cells 
(Fig. 4, A and B). To confirm this observation in living cells, we 
measured the UV-induced change in the amount of RAD23B- 
YFP binding to chromatin-tethered XPC. Upon UV irradiation, 
a significant loss of RAD23-YFP from the LacO array was ob- 
served (Fig. 4, C and D). These results clearly demonstrate that 
UV irradiation triggers the dissociation of RAD23B from the 
chromatin-bound XPC protein. 

The role of RADS3 in lesion recognition 
by XPC 

In this study, we provide evidence that RAD23 proteins play 
an important role in recognition of UV-induced DNA dam- 
age but not in the formation of the downstream excision com- 
plex. Using biochemical and live-cell imaging approaches, we 
showed that although RAD23 is required to make XPC lesion 
binding competent, once XPC is bound to lesions, RAD23B 
rapidly dissociates from damage-bound XPC during the early 
steps of GG-NER. 

The molecular triggers for the dissociation of RAD23 
from XPC are currently unclear but may involve proteins in 
the XPC complex or additional NER proteins. For instance, 
the binding of XPC to single-strand DNA not only alters the 
structure of the DNA molecule by bending it (Janicijevic et al., 
2003) but also alters the conformation adopted by Rad4 (Min 
and Pavletich, 2007). Therefore, it is feasible that this altered 
conformation, which includes the interaction interface with 
Rad23, lowers the affinity of Rad4/XPC for Rad23/RAD23B. 
Moreover, it is also possible that the swift in vivo dissociation 
of RAD23B from UV-induced lesions is a result of conforma- 
tional changes in the XPC complex that may also affect the bind- 
ing of CEN2 to the XPC complex. As CEN2 is also implicated 
in regulating the XPC function within NER (Nishi et al., 2005), 
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Figure 4. RAD23B dissociates from XPC after global UV 
treatment while it is tethered to DNA. (A) NIH2/4 cells con- 
taining a 256x LacO array were cotransfected with XPC- 
mCherry-LacR (grayscale images) and RAD23B-YFP (look-up 
table is shown next to the image) and subsequently mock 
treated (top) or exposed to UV light (25 J/m 2 ; bottom) and 
fixed. Insets depict a magnified view of the area containing 
the integrated LacO array. (B) The intensity of the RAD23B- 
YFP signal at the XPC-LacR array in mock-treated or UV-irra- 
diated cells was quantified (n = 40 for each condition from 
two independent experiments). (C) Living cells cotransfected 
with XPC-mCherry-LacR (red) and RAD23B-YFP (yellow) were 
monitored before and after UV exposure (25 J/m 2 ). Arrow- 
heads indicate the integrated LacO array. (D) The intensity 
of the RAD23B-YFP signal in the same cells before and after 
UV irradiation [n = 1 1 from three independent experiments). 
A single asterisk indicates significant differences (P < 0.05), 
whereas a double asterisk indicates highly significant dif- 
ferences (P < 0.005, based on an unpaired [B] or a paired 
[D] f test) . Error bars indicate SDs. 
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a role for Lhis polypeptide in regulation RAD23B-XPC inter- 
action when bound to lesions may not be excluded. However, 
our data do not provide further insight into the role of CEN2 
in lesion recognition by XPC. Alternatively, but not necessar- 
ily mutually exclusive, up- or downstream NER factors, such 
as the UV-DDB or the TFIIH complexes, may play a role in 
the UV-induced RAD23B dissociation from the XPC complex. 
Given the fact that DDB2 mediates the ubiquity lation of XPC 
upon UV (Fig. 3 A; Sugasawa et al., 2005), it is also possible 
that this posttranslational modification of XPC triggers the 
RAD23B dissociation. As previously mentioned, XPC binds in 
two modes to DNA; only the longer immobilization leads to 
successful NER. As TFIIH is the immediate downstream factor 
of XPC required for lesion verification (Sugasawa et al., 2009), 
the scanning of TFIIH might disrupt the XPC-RAD23B com- 
plex. The possible role of the other NER factors in dissociating 
RAD23B from lesion-bound XPC may also provide an expla- 
nation for the apparent discrepancy with the structural data of 
the Rad4-Rad23-damaged DNA trimeric complex (Min and 
Pavletich, 2007). The interaction of Rad23 with lesion-bound 
Rad4 is apparently sufficiently stable to allow crystallization. 
Please note that the other up- and downstream NER factors as 
well as the UV-induced ubiquitylation were not present in the 
in vitro crystallization reaction (Min and Pavletich, 2007). 

We propose a model in which XPC-RAD23B is the actual 
damage sensor. After recognition, RAD23B exposes the XPC 
damage-binding sites by dissociating from it, allowing XPC 



(without RAD23B) to then stably bind the DNA lesions. Given 
the intrinsic instability of the XPC protein, it is feasible that 
RAD23B delivers properly folded XPC to DNA lesions through 
the initial low-affinity binding of XPC and that the subsequent 
dissociation of RAD23B forces a more stable binding of XPC 
to the lesion, which concurrently also stabilizes the protein in 
the absence of RAD23B. Consequently, damage-bound XPC 
triggers downstream NER events, leading to successful repair. 

Materials and methods 

Cell culture 

WT, Xpc _/_ , and DKO MEFs (Ng et al., 2003) were cultured at 37°C in 
5% C0 2 in F10/DME culture medium (Invitrogen) supplemented with 15% 
FCS, 2 mM glutamate, and 50 ug/ml penicillin and streptomycin. NIH2/4 
cells containing 256 copies of the LacO sequence stably integrated in their 
genome were previously described (Soutoglou et al., 2007). For transient 
expression experiments, medium was changed at least 1 d before the 
experiment to avoid toxicity of the transfection reagents. To obtain stably 
expressing mRAD23B-YFP-FLAG clones, cells were selected using 150 ug/ml 
hygromycin followed by (single cell) FACS sorting. Cells were differentially 
labeled with latex beads of different size by adding a suspension of beads 
to the culturing medium. Before the mixing, cells were thoroughly washed 
to remove free beads (Vermeulen et al., 1991). 

Immunofluorescence 

Cells were fixed at room temperature for 1 0 min in 2% PFA followed by a 
5-min 0.1% Triton X-100 wash or for 10 min with ice-cold methanol (for 
RAD23B staining). Cells were washed in PBS containing 0.5% BSA and 
0.15% glycine (PBS + ). Primary antibody incubation (diluted in PBS + ) was 
performed overnight at 4°C. After extensive washing with PBS* (four times for 
5 min), the cells were incubated with the secondary antibody for 60-90 min 
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at room temperature followed by washing two times with PBS* and three 
times with PBS at room temperature. Cells were preserved in VECTASHIELD 
Mounting Medium (Vector Laboratories) containing DAPI to visualize DNA. 
The antibodies used were anti-hXPC (rabbit polyclonal], anti-mRAD23B 
(rabbit polyclonal; a gift from K. Sugasawa, RIKEN, Saitama, Japan), anti- 
CPD (a gift from O. Nikaido, Kanazawa University, Kanazawa, Japan), 
anti-p62 (a gift from J.-M. Egly, Institut de Genetique et de Biologie Molecu- 
laire et Cellulaire, lllkirch, France), and corresponding secondary antibodies 
coupled with Alexa Fluor 594 and Alexa Fluor 488 or Cy3 (Invitrogen and 
Jackson ImmunoResearch Laboratories, Inc.). 

Fusion protein expression vectors 

Both mRAD23A and mRAD23B cDNAs were cloned from mouse livers. 
mRAD23B was fused to a YFP-FLAG construct and an mCherry construct, 
and mRAD23A was fused to a GFP 2 -MYC construct. Mouse RAD23A and 
RAD23B were cloned in-frame into respective GFP 2 -MYC or YFP-FLAG 
mammalian expression vectors (Takara Bio Inc.). FLAG and MYC tags were 
inserted into the YFP-N3 or GFP 2 vectors as double-stranded oligonucle- 
otides into the SsBl-Notl site. RAD23B was cloned from the RAD23B-YFP- 
FLAG construct into the mCherry expression vector. The XPC-GFP-HA-His6 
construct was previously described (Hoogstraten et al., 2008; Ng et al., 
2003). Briefly, full-length human XPC cDNA was cloned in-frame in the 
eukaryotic expression vector pEGFP-N3 (Takara Bio Inc.). An HA and 6xHis 
tag were added by insertion of a double-stranded oligonucleotide into the 
SspBI-Notl site. The LacR gene was fused to XPC-mCherry (Dinant et al., 
2007; Soutoglou and Misteli, 2008). 

Generation of mRAD23B-YFP-FLAG ES cells and culture 

BAC clone RP23-302N23, spanning 200 kb of genomic mouse C57BL/6 
sequence including the entire Rad23b locus, was ordered from the BACPAC 
Resources Center at Children's Hospital Oakland Research Institute. A YFP- 
FIAG-LoxP cassette was inserted into the STOP codon of the Rad23b gene 
using RecA-mediated recombination in Escherichia coli (Imam et al., 2000). 
A kanamycin/neomycin gene driven by the dual bacterial/mammalian 
gb2/Pgk promoter and flanked by LoxP sites was inserted in the SacB gene 
of the BAC vector using X-red-mediated recombination (Datsenko and 
Wanner, 2000). Two RAD23B-YFP-FLAG mouse 129 ES clones, Fl 1 and 
B1 1 , were selected for further experiments based on construct integrity (as an- 
alyzed by quantitative PCR, Southern blotting, and FISH) and YFP expression 
(as measured by flow cytometry). Both had a correct karyotype and only 
two and three tandem copies of the transgene, respectively, randomly inte- 
grated in a single locus in their genome. Mouse 1 29 ES cells were cultured 
on Petri dishes coated with 0.1% gelatin at 37°C in 5% C0 2 in ES media 
(40% buffalo rat liver cell^onditioned DME, 40% DME, 1 5% FCS, 1 00 U/ml 
penicillin, 100 mg/ml streptomycin, nonessential amino acids, 1,000 U/ml 
of leukemia inhibitory factor, and 0.1 mM p-mercaptoethanol). 

Protein analysis 

Immunoblots for XPC-RAD23B were performed as previously described 
(Okuda et al., 2004). For immunoprecipitations, cells were washed with 
PBS and lysed in radioimmunoprecipitation assay (RIPA) plus buffer (50 mM 
Tris, pH 8.0, 1 mM EDTA, 150 mM NaCI, 1% NP-40, 0.25% sodium de- 
oxycholate, 10% glycerol, protease inhibitors, and 0.1 mM DTT). Extracts 
were centrifuged, and supernatants were incubated with FLAG beads (M2; 
Sigma-Aldrich) for 3 h while rotating at 4°C. Beads were washed four times 
with RIPA plus buffer at 4°C for 1 0 min. The proteins were eluted from the 
FLAG beads by incubating the beads in RIPA plus buffer containing 
0.2 mg/ml 3xFLAG peptide for 15 min on ice. The eluate was collected after 
centrifugation at 1 ,000 rpm for 1 min at 4°C, and the elution procedure 
was repeated three more times. Eluates were boiled in sample buffer fol- 
lowed by SDS-PAGE and immunoblotting using the indicated antibodies. 
The subcellular protein fractionation assay was performed using a subcellu- 
lar protein fractionation kit (78840; Thermo Fisher Scientific). Subsequent 
immunoprecipitations were performed by adding XPC (rabbit polyclonal) 
antibodies and agarose beads (Sigma-Aldrich) to the extracts diluted in lysis 
buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCI, 1% NP-40, 0.5% deoxy- 
cholate, 1 mM DTT, and complete protease inhibitors). Beads were col- 
lected and washed three times in lysis buffer and once in wash buffer (50 mM 
Tris-HCI, pH 7.5, 250 mM NaCI, 0.1% NP-40, 0.05% deoxycholate, and 
complete protease inhibitors). SDS sample buffer was added, and samples 
were loaded on gradient gels (Invitrogen). Western blots were stained with 
XPC (ab6264; Abeam) and RAD23B (ab3835; Abeam) antibodies. 

Confocal microscopy and photobleaching 

Confocal laser-scanning microscopy images were obtained on a laser- 
scanning microscope (LSM 510 META; Carl Zeiss) equipped with a cell 



culture microscopy stage (set at 37°C for photobleaching studies and kept 
at room temperature for immunofluorescence on fixed material). Images 
were recorded using a 40x lens (NA 1.3; Carl Zeiss). GFP fluorescence 
imaging was recorded after excitation with a 488-nm argon laser, and 
emission light was captured behind a 515-540-nm band-pass filter, YFP 
fluorescence imaging was performed using a 514-nm argon laser, and a 
535-560-nm band emission light was filtered by a 560-61 5-nm band- 
pass filter. Fluorescent redistribution after photobleaching was performed 
as previously described (Houtsmuller and Vermeulen, 2001). In brief, a 
narrow (~1 urn) strip spanning the width of the nucleus was photobleached 
for 63 ms at 1 00% laser intensity. Recovery of fluorescence in the strip was 
subsequently monitored with 21-ms intervals at 1% laser intensity. Images 
obtained were analyzed using AIM software (Carl Zeiss). UV laser irradia- 
tion was performed as previously described (Dinant et al., 2007), and a 
2-mW pulsed (7.8 kHz) diode-pumped solid-state laser emitting at 266 nm 
(Rapp OptoElectronic) was connected to a confocal microscope (LSM 5 1 0) 
with an Axiovert 200M housing adapted for UV by all-quartz optics. A 
special adaptor (ZSI-A200; Rapp OptoElectronic) to fit in the aperture 
slider position of an Axiovert 200 microscope was developed by Rapp 
OptoElectronic to focus the laser. For local UV-C irradiation experiments, 
cells were grown on 25-mm-diameter quartz coverslips (010191T-AB; SPI 
Supplies). Microscopy images were quantified in ImageJ software (Na- 
tional Institutes of Health). iFRAP analysis was performed by bleaching the 
entire nucleus except the region of interest (the local damage) at full laser 
power for 4 s, and images were recorded every 1 5 s. 

Online supplemental material 

Fig. SI shows the biological activity of the YFP-tagged RAD23B by comple- 
menting the UV hypersensitivity and restoring the low XPC levels to WT 
levels in RAD23A/RAD23B DKO MEFs and shows that in ES cells, the 
BAC-derived RAD23B-YFP-FLAG is expressed to the same level as endog- 
enous nontagged RAD23B. Fig. S2 shows that less RAD23B is coimmuno- 
precipitated with XPC after UV in soluble subcellular protein fractions (from 
the fractionation assay in Fig. 3 A), that the RAD23B dissociation from 
XPC is quantitatively confirmed and further corroborated by semiquanti- 
tative mass spectrometric analysis, and that the UV-DDB complex (other 
GG-NER initiation complex) does not dissociate after UV in contrast to 
XPC-RAD23B. Online supplemental material is available at http://www 
.jcb.org/cgi/content/full/jcb.201 107050/DC1. 
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